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ABSTRACT 

We study the ionized gas spectrum of star forming regions in the Holmberg II 
galaxy using the optical long-slit spectroscopic observations made at the 6-m tele- 
scope of the Special Astrophysical Observatory of the Russian Academy of Sciences 
(SAO RAS). We estimate the oxygen, nitrogen, sulphur, neon, and argon abundances 
in individual H II regions and find the average metallicity in the galaxy to be Z ~ 0.1 
or 0.3 Zq depending on the estimation method employed. We use these observations 
combined with the results of our earlier studies of the Irr galaxy IC 10 and BCD 
galaxy VII Zw 403 to compare the currently most popular methods of gas metallicity 
estimation in order to select among them the techniques that are most reliable for 
analysing Irr galaxies. To this end, we use the 'direct' T e method and six empirical 
and the oretical methods. Th e resul ts of our observations mostly confirm the conclu- 
sions of lLopez- Sanchez et al.l (|2012D based on the analysis of systematic deviations of 
metallicity estimates derived by applying different methods to 'model' H n regions. 

Key words: galaxies: individual: Holmberg II - galaxies: irregular - galaxies: ISM - 
ISM: H II regions - ISM: abundances - techniques: spectroscopic 
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1 INTRODUCTION. 

The irregular galaxy Holmberg II (Ho II, DDO 50, 
UGC4305, PGC 23324, VII Zw 223) currently serves as an 
ideal target for the study of the entire variety of the phe- 
nomena associated with the effect of radiation, stellar winds, 
and supernovae explosions feedback, which determine the 
structure, kinematics, and chemical composition of the in- 
terstellar medium as well as the process of star formation in 
Irr galaxies. 

This gas-rich, non-interacting, and rigidly rotating 
galaxy is a member of the M81 group and is located at a 
distance of D = 3.39 ±0.20 Mpc (|Karachentsev et alj|2003h . 
It is an Im (i.e., Magellanic-type irregular) galaxy with the 
parameters Mb = -16.71 ±0.16 mag, B-V = 0.11 ±0.05, 
E(B - V) = 0.032, and the inclination angle i = 38° 
jMoustakas et al.ll201oT ). 

The large-scale structure of the galaxy has been well 
studied in the optical, radio, IR, UV, and X-ray bands. A 
total of about 40 giant cavities and slowly expanding H I 
supershells have been found f see iBagetakos et al .112011 and 
references therein). The stellar population of Ho II was thor- 
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oughly st udied using the Hu bble Space Telescope ( HST) data 
(see, e.g. JWeisz et alj|2009l and lCook etal]|2012h . 

A t otal of 82 H n regi ons have been found in the Ho II 
galaxy (|Hodge et al ] 11994) and for the sake of homogene- 
ity we use HSK numbers to identify them throughout this 
paper. 

Bright emission nebulae reside mostly in the 'walls' of 
giant HI supershells and are concentrated in several 'chains' 
of complexes of ongoing star formation with the brightest 
nebula e located in the e aste rn chain (see Fig. 1 and fie 



l Hunter et^_alj [l993l and lKarachentsev fc Kaisinl200'.. .. 

IStewart et al.l 1 20001 ) estimate the ages of these star- forming 
regions to be between 2.4 and more than 6.3 Myr. The large- 
scale distribution of the Ha emission of ionised gas is con- 
sistent with that of FUV e mission in th e galaxy (see, e.g ., 
fig. 6 of lStewart etafll200Cl and fig. 29 of lWeisz et al]|200g ). 
In the eastern chain of the brightes t nebulae the brigh test 
emission of heated dust is observed (|Walter et al.|[2007l h 

Radio observations of the galaxy |Tonaue fc Westphall 
1 19951 : iBraun et al]|2007l : iHeald et alj|2009l ) revealed contin- 
uum radio emission from the region of bright emission neb- 
ulae and, in particular, from the brightest eastern chain. 
The p olarised radio em is sion is also coincident wit h this 
chain (|Heald et alj|2009l h [Tongue fc Westphall j 19951 ) iden- 
tified the synchrotron component of radio emission in the 
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Table 1. Log of observations 



Spectrum (PA) 


Date 


Grism 


AA, A 


SX, A 


^exp ; SGC 


seeing, arcsec 


PA102 


31.10/01.11.11 


VPHG1200B 


3700-5500 


5.5 


4500 


0.9 


PA102 


01/02.11.11 


VPHG1200R 


5750-7500 


5.5 


4800 


2.2-2.7 


PA187 


28/29.03.11 


VPHG940O600 


3700-8500 


6.5 


2700 


2.2 


PA187 


31.10/01.11.11 


VPHG1200R 


3700-5300 


5.5 


1800 


0.9 


PA304 


22/23.12.11 


VPHG940O600 


3600-8400 


6.5 


3600 


1.8-2.4 


PA347 


22/23.12.11 


VPHG940@600 


3700-8500 


6.5 


5400 


1.6-2.0 



eastern chain of bright nebulae, and this led them to sus- 
pect that the region may contain supernova remnants. 

The main goal of our paper is to perform a detailed 
study of the emission spectrum and estimate the metallicity 
of ionised gas in the Ho II galaxy by analysing the spectro- 
scopic observations made at the 6-m telescope of the SAO 
RAS. We also use the available results o f earlier spectro - 
scop ic observations of th e galaxy made bv lLee et aiT(l2003l ) 
and lCroxall et al.l (|2009f ) combined with HST archival imag- 
ing data to estimate the metallicity in the same way. 

We used the seven currently most popular methods 
to estimate the oxygen abundance, which determines the 
metallicity of the interstellar medium. Our aim was to com- 
pare different techniques by applying them to the observa- 
tions of a large number of H n regions in the Holmberg II, 
IC 10, and VII Zw 403 galaxies in order to choose the opti- 
mal method for analysing the metallicity of gas in Irr galax- 
ies. 

We also attempted to detect the optical emission from 
the above mentioned hypothetical supernova remnants using 
the 7([S ii])/7(Hq) line intensity ratio in the spectrum. 

The next sections describe our observations, the data re- 
duction technique, present the results, their discussion, and 
the main conclusions of this paper. 

We defer a comparison of the results of spectroscopic 
observations with the detailed analysis of the kinematics of 
ionized and neutral gas and with IR emission of the dust 
component of the galaxy to our forthcoming paper (Wiebe 
et al., in preparation). 



2 OBSERVATIONS AND DATA REDUCTION 

The observations were made at the prime focus of the SAO 
RAS 6-m te lescope using the SCORP IO multi-mode fo- 
cal reducer (lAfanasiev fc Moiseevl l2005t) and its new ver- 
sion SCORPIO-2 (|Afanasiev fc Moiseevl l201lD . When op- 
erated in the long-slit mode, both devices have the same 
slit size (6 arcmin x 1 arcsec) with a scale of 0.36 arc- 
sec per pixel. However, with a similar spectral resolution 
SCORPIO-2 provides a twice larger spectral range: the 
VPHG940Q600 grism covers the wavelength interval span- 
ning from 3700 to 8500 A, whereas with the SCORPIO 
we used two grisms VPHG1200B and VPHG1200R for the 
green and red spectral regions, respectively. The CCDs em- 
ployed were an EEV 42-40 in the SCORPIO and E2V 42-90 
(with the sensitivity peak at redder wavelengths) in the 
SCORPIO-2. 

Table[T]gives the log of observations: for each spectrum 
designated by the position angle of the spectrograph slit it 
lists the observing date, grism employed, spectral range AA, 



spectral resolution SX (estimated by the FWHM of air glow 
lines), total exposure T exp , and seeing. 

Data reduction was performed in a standard way using 
the IDL software package developed at the SAO RAS for 
reducing the long-slit spectroscopic data obtained with the 
SCORPIO and SCORPIO-2. 

To increase the signal-to-noise ratio for weak emission 
nebulae, we binned spectrograms into 5-6 pixel bins along 
the slit prior to reduction. The binning size was chosen to 
make the resulting spatial resolution for a single slit po- 
sition consistent with the maximum 'seeing'. To compute 
the correction for the spectral sensitivity of each grism and 
convert the spectra to the absolute intensity scale, we ob- 
served the spectrophotometric standards Hz 44, Feige 34, 
and AGK+81d266 immediately after the object at a close 
zenith distance. 

We used single- or two-component Gaussian fitting to 
measure the integrated fluxes of emission lines. We esti- 
mated the errors of the measured fluxes by analysing the 
synthetic spectra with the given signal-to-noise ratio. In this 
paper we use only the spectral lines with the signal-to-noise 
ratios greater than 3. 

The error intervals listed in the tables and indicated in 
the figures below correspond to the 3a confidence level. 



3 RESULTS OF OBSERVATIONS 

Fig. [1] shows the location of six spectrograms taken at four 
slit positions, designated PA102, PA187, PA304, and PA347 
in accordance with their position angles. The two panels 
of the figure show the Ha images of the galaxy's star- 
forming regions. The upper image was taken with the 2.1-m 
KPNO telescope within the framework of the SINGS survey 
l|Kennicutt et all 120031 ') and the lower image was taken by 
the HST (application number 10522) and adopted from the 
Hubble Legacy Archive^- 

In the north-south direction the PA187 spectrogram 
crosses the following H H regio ns (named according to the 
catalogue of iHodge et aI1ll994l ): HSK 71, HSK 73, HSK 70 
(the nebula surrounding an ultraluminous X-ray source - 
ULX Holmberg II X-l), HSK 69, and HSK 67. The PA102 
slit crosses the H n regions HSK 32, HSK 41, HSK 45, 
HSK 56, HSK 59, and HSK 73. The PA347 slit covers the 
western chain of H n regions: HSK 7, HSK 15, HSK 17, 
HSK 16, HSK 20, and HSK 26. The PA304 spectrogram 
is least informative, because it crosses faint H n regions 
HSK 65, HSK 61, HSK 57, HSK 31, and HSK 25. 

1 http://hla.stsci.edu/ 
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Figure 1. The Ha+continuum images of the Ho II galaxy (panel 'a' shows the image taken with the 2.1-m KPNO telescope and panel 
'b', archival HST image (F658N/AC S WFC)). Panel 'a ' gives the designations of all H II regions discussed in this paper (denoted by the 
HSK numbers from the catalogue of lHodge et alj[l994); show s the position of the spectrograph slit PA347 used in our observations and 
the position of slit #2 in observations of lCrolcallet*^d" Panel 'b' shows t he positions of the spectrograph slits in our observations; 

the short white line segments indicate the locations of the ICroxall et al ] 42009T ) spectrograms marked by their numbers in accordance 
with the above paper. 
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Figure 2. Examples of spectra taken with different SCORPIO/SCORPIO-2 grisms. The top panel shows the region between —21.4 and 
—17.3 arcsec along the PA187 slit (the central part of the HSK73 nebula, which exhibits bright emission in the He II A4686 line) observed 
with the VPHG1200B grism; the middle panel shows the region between 40.7 and 45.0 arcsec along the PA102 slit (the HSK45 nebula) 
observed with the VPHG1200R grism, and the bottom panel shows the region between 94.6 and 98.2 along the PA347 slit (the HSK7 
nebula) observed with the VPHG940@600 grism. 



Fig.[3]shows examples of spectrograms taken with differ- 
ent grisms. The top panel shows the integrated spectrum of 
the part of the HSK73 H II region crossed by the PA187 slit 
(positions ranging from —21.4 to —17.3 arcsec along the slit) 
taken with the VPHG1200B grism. It is the region where we 
found the brightest He II A4686 emission line (see section 
The middle panel shows the integrated spectrum of the east- 
ern boundary of HSK45, which is the brightest nebula in the 
galaxy, taken with the VPHG1200R grism (the PA102 spec- 
trogram, positions ranging from 40.7 to 45.0 arcsec). The 
bottom panel shows the integrated spectrum of the HSK7 re- 
gion taken with the VPHG940@600 grism (the PA347 spec- 
trogram, positions ranging from 94.6 to 98.2 arcsec). The 
spectrum of this region is of the highest quality among all 
the spectra taken with this grism within the framework of 
this study (in the vicinity of the [O n] A3727 and [O in] 
A4363 lines its signal-to-noise ratio is as high as 6-7). 

Due to the wide spectral range of the VPHG940@600 



grism there is possible second order contamination on the 
spectra obtained with this grism at wavelengths redder than 
7000 A. But consideration of the continuum at this range 
(see, for example, bottom panel of the Fig. shows that 
possible systematic errors of emission line intensity mea- 
surements is no more than 12% and lies in the uncertainties 
reported further. 

To ensure the homogeneity of the inferred gas metal- 
licities in the g alaxy, we also us e the relative line i ntens i- 
ties repor t ed by lLee et all i|2003T ) and lCroxall et alj |2009). 
iLee et all i|2003l ) do not specify the locations of the spectra 
and only give the names of the H II regions stu died. Figure [l] 
shows the locations of the spectra taken by ICroxall et all 
(2009) (we adopt the coordinates from the author-corrected 
astro-ph electronic version of the paper). The spectrog rams 
are numbered in accordance with lCroxall et all (120091 ). 

Table 2 lists our estimated relative emission-line inten- 
sities in the individual H II regions. We determined these 
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intensities by integrating the spectrum along the part of the 
nebula crossed by the slit. The intensities are measured rel- 
ative to the H/3 line intensity assuming that /(H/J) = 100. 

We obtained two spectrograms for the PA187 slit. One 
of them, like in the case of PA304 and PA347, covers the 
entire spectral range from the blue to the red part, whereas 
the other one contains only the blue part of the spectrum 
(see Table [T]). The two spectrograms were taken on differ- 
ent nights with varying seeing using different instruments 
equipped with different CCDs. Hence a question naturally 
arises whether the two spectra are on the same intensity 
scale. We compared the line intensities in the blue part of 
the spectrum for each H n region as estimated from both 
spectrograms and found their intensity scales to be propor- 
tional to each other. Hence albeit the line intensities mea- 
sured by different spectrograms differ from each other, the 
ratios of the emission line intensities to the H/3 flux are the 
same for both spectra within the observational errors. That 
is why in the case of PA187 Table 2 lists relative line intensi- 
ties measured either by the 'wide-range' spectrogram taken 
with the VPHG940@600 grism or by the spectrogram taken 
with the VPHG1200B grism depending on the line wave- 
length. The intensities measured by spectra taken with the 
'wide-range' VPHG940@600 grism are used for lines located 
on the red side of [O ill] A5007, and those measured by the 
spectra taken with the VPHG1200B grism are used for lines 
in the blue part of the spectrum, where the sensitivity of the 
VPHG940Q600 grism decreases. 

The situation with PA102 is more complicated, because 
in this case two spectrograms have been taken for the blue 
and red parts of the spectrum and their spectral ranges do 
not overlap, preventing a similar comparison. Therefore to 
correctly estimate the ratios of line intensities on the red 
side of [O in] A5007 to H/3, we calculated the ratios of the 
corresponding line intensities to Ha and used the 'theoret- 
ical' I (Ha) / 1 (YL/3) = 2.809 ratio for the average elect ron 
temperature T e = 13000 K (|Osterbrock fc Ferlandll2006l ). 

The line intensity ratios listed in Table 2 are reddening 
corrected. We determined the E(B — V) colour index from 
the Balmer decrement using the theoretical intensity ratios 
7(Ha)//(H/3) = 2.809 and I(Hy)/J (H/3) = 0.4745 for the 
electr on temperature T e — 13000 K dOsterbrock fc Ferlandl 
2006) and the e xtinction cu r ve of ICardelli et aL l|l989h as 
parametrised by iFitzpatrickl (| 19991 ). For the PA102 slit we 
used only the I (R-y) / 1 (R/3) ratio. The resulting E(B - V) 
extinction values are listed in Table 3. 

Our inferred colour excesses E(B — V) are greater 
than the E(B — V ) = 0.06 ± 0.04 estimate reported by 
ICroxall et all (|2009l ). We obtained a similar extinction value 
E(B — V) = 0.03 towards Holmberg II from the extinc- 
tion map based on the data of the infrared sky survey 
jSchleeel et al.ll 19981 ). 

The mean colour index averaged over all our spectro- 
gr ams is E(B-V) = .17=1=0.08. It differs from the estimate 
of lCroxall et~ai] (|2009l ) and this can be due to the use of dif- 
ferent extinction laws. Our inferred E(B — V) value possibly 
corresponds to the stronger local extinction, because all the 
bright H II regions studied are located in the direction of 
the maximum H I column density in the 'walls' of a giant 
cavity, and, most likely, are partially embedded in this dense 
supershell. 



3.1 Estimation of the electron density and 
temperature. 

Our electron density n e and electron temperature T e esti- 
mates for a number of H II regions in Holmberg II have large 
uncertainties. 

Table 3 lists the electron densities n e for each H II region 
derived from the [S n] A6717/A6731 line intensity ratio. This 
line intensity ratio proved to be very close to the limiting 
value for low densities and therefore we could determine n e 
in a number of H II regions only very approximately. 

We determined the electron temperatures in H II regions 
in terms of the so-called two-zone model assuming that T e 
in the low and high ionization zones is the same for all ions 
whose radiation emerges from these regions. Correspond- 
ingly, we assume that the temperature in the high-ionization 
region (for the 2+ and Ne 2+ ions) is equal to T e (0 ill), and 
the temperature in the low- ionization region (for the + , 
N + , and S + ions) is equal to T e (0 n). W e also adopt th e 
common extension of the model proposed bv lGarnettl l| 19921) , 
which assumes that the temperature inside the region of the 
S 2+ and Ar 2+ emission is equal to the temperature T e (S ill). 

We calculate the T e (0 in) temperature from the 
[O h i] (A4959 + A5007)/ 
tio (jOsterbrock fc Ferlandl 



O h i] A4363 line intensity ra- 
2006). However, because of the 



low intensity of the [O in] A4363 line we could determine 
T e (0 ill) accurately enough only for 10 H II regions (includ- 
in g two different parts o f the HSK73 nebula) by the relation 
of lPilvugin et all i|2010D : 

1.467 



logQa - 0.867 - 0.193 log i + 0.033t 

where Q3 = /[o ni](A4959+A5007)/-f[o in]A4363 and t = 
10^ 4 T e (O ill). 



We estimate the T e (O 11) temperature in low-ionization 
regions by the [O 11] (A3727 + A3729)/[0 11] (A7320 + 
A7330) line in t ensity ratio using the following relation of 



AI66V) line in tensity i 
Pilyugin et all (|2009h : 



ti = 



0.96 



log Q 2 - 0.86 - 0.38 log t 2 + 0.053t 2 + log(l + 14.9s) ' 



where x = 10~ 4 n e i 2 1/2 , t 2 = 10~ 4 T e (O 11), and Q 2 = 

I[0 II] (A3727+A3729) / 1[0 II] (A7320+A7330) ■ 

While determining T e (0 11) we had to address a number 
of problems. First, in observations of nearby objects, such 
as Holmberg II, the [O 11] A7320 + A7330 emission feature 
falls within the domain of strong atmospheric hydroxyl ab- 
sorption lines, which reduce the accuracy of the intensity 
measurements for these lines and hence that of the inferred 
T e (0 11). Our failure to properly subtract the contribution of 
the air glow lines in the spectra of some H 11 regions makes 
the corresponding [O 11] A7320 + A7330 intensity estimates 
less reliable. 

Second, the sensitivity of the CCD used in half of 
the observations decreases sharply in the blue part of the 
spectrum. This prevented us from measuring the [O 11] 
A3727 + A3729 lines accurately enough in the PA304 and 
PA347 spectra, making it impossible to calculate T e (0 11). 
In the case of the PA102 and PA187 spectra we derived 
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the temperature in the low-ionization regions only in four 
H II regions, where the signal-to-noise ratio in the [O II] 
A 7320 + A 7330 lines was greater than 4. 

We could thus 'directly' determine the electron tem- 
peratures both in the low- and high-ionization regions only 
in HSK45, HSK67, HSK71, and HSK73. However, even in 
these nebulae the inferred T e (0 n) estimates are not accu- 
rate and most likely represent the upper temperature limits 
for the corresponding regions. We therefore used empirical 
methods to infer the temperatures in low-ionization regions 
in the cases where we could determine T e (0 ill). 

Many methods are known for the empirical determina- 
tion of electron temperature in lo w-ionization r egion s from 
the known T e (0 in) temperature. lHagele et all ([2008) com- 
pared some of the methods us ed to estimate the temp e rature 
in the + emission region. IPerez- Montero fc Dfazl (|2003l ) 
pointed out that this temperature is strongly dependent not 
only on T e (0 ill), but also on the electron density n e . This 
imposes strong constraints on the applicability of the em- 
pirical T e (0 n) on T e (0 ill) dependences. In particular, we 
di d not use the dependen c e of T e (0 n) on T e (0 in) found 
by IPerez- Montero fc Dfazl (|2003l ) for three electron density 
values, n e = 10, 100, and 500 cm -3 , because of the above- 
me ntioned low accura c y of t he estimated n e - 

IStasihskal (Il980l . Il990l ) proposed a meth od, which 
gained widespread popularity. Ilzotov et alj (|2006l ) proposed 
to determine the temperature in regions with ionization 
higher and lower than in the 2+ emission region using a 
technique dep e nding on the gas metallicity. Furthermore, 
IPilvugin et al.l (|2009l ) proposed an empirical formula for es- 
timating T e (0 n) and T e (N n) from T e (0 in). These au- 
thors point out that the T e (N n) value should be preferred 
for the low-ionization region s because of its lower dispersion. 
lLopez-Sanchez et al.l (|2012h proposed a calibration based on 
the model spectra of H II regions. 

We used all the above mentioned methods to determine 
the temperatu res in the low-ionization regi ons. We found the 
calibration of lLopez-Sanchez et al.l (|2012l ) to be the most 
consistent with the estimate determined from the spectra 
of four H II regions, which represents an upper limit for the 
T e (0 n) temperature in these nebulae. Hereafter throughout 
this paper we adopt the estimates obtained using the above 
technique obtained by the relation: 

T e (0 II) = T e (0 III) + 450 - 70exp[(T e (O III)/5000) 1 22 ]. 

The temperatures T e (O n) estimated by other methods 
are much higher than our inferred upper constraints for four 
H II regions. 

The dependence of the temperature in the S 2+ emission 
region on T e (0 ill) has a much lower scatter than the cor- 
responding depend ence for low-ionization regions (see, e.g., 
lHagele et aflbOOSl). We estimated T e (S in) using the equa- 
tion proposed bv llzotov et al.l ()2006l ) for different H II region 
metallicities: 

t 3 = -1.085 + t x (2.320 - 0.420i), for 12 + log (O/H) ~ 7.2, 
= -1.276 + t x (2.645 - 0.546i), for 12 + log (O/H) ~ 7.6, 
= 2.967 + t x (-2.261 + 1.605i), for 12 + log (O/H) ~ 8.2, 

where t 3 = 10" 4 T e (S ill), t = 10" 4 T e (O III). 



Table 3 lists the adopted electron temperatures in the 
regions of different ionization. 



3.2 Estimation of the gas metallicity 

Currently, many methods are used to estimate the abun- 
dances of chemical elements and primarily that of oxygen, 
which determines the metallicity of the interstellar medium. 
The most popular is the so-called 'direct', or T e method, 
which allows elemental abundances to be estimated from 
the forbidden-line intensity ratios provided that the elec- 
tron temperature T e is known in the region where the cor- 
responding emission line forms. However, we cannot always 
use this method since we have direct spectra-based electron 
temperature estimates in the zones of different ionization 
solely for four H II regions. Only in 10 regions the tempera- 
tures in low-ionization zones were estimated using empirical 
methods. We therefore used the T e method to estimate the 
relative abundances of the + , 2+ , N+, S+, S 2+ , Ar 2+ , 
and Ne 2+ ions in these regions wherever the signal-to-noise 
ratio for the corresponding ion lines was greater than 3. 

We estimated the relative ion abundances using the re- 
lations from studies based on mode r n atom ic data: we used 
the equations from IPilvugin et al.l l|2010l 'l to compute the 
abund ances of + and 2+ ions, and those from llzotov et all 
(2006), to compute the N+, S + , S 2+ , Ar 2+ , and Ne 2+ ionic 
abundances. For the unobserved ionization stages we calcu- 
lated the ionization correction factor s (ICF) by the rela- 
tions adopted from llzotov et all l|2006l ). which allowed us to 
determine the abundances of oxygen, sulphur, argon, and 
neon. 

Among the popular metallicity determination methods 
there are those based on the intensity ratios of bright emis- 
sion lines. These include the so-called 'empirical' methods 
calibrated by H II regions with bona fide oxygen abundance 
estimates and methods based on theoretical photoionization 
models. In this paper we use six such methods: 



(i) The PT05 method (|Pilvugin fe Thuanl liooBI ) . where 
the oxygen abundance is fitted by a function of R2 = 

I[0 II]A3727+A3729/J r H/3, #3 = ^[O III] A4959+A5007/^H£ , R23 = 

R2 + R3, and the excitation parameter P = Rs/(R3 + .R2). 
It is one of the most widely used empirical methods with the 
applicability domain con fined to the 0.55 < P < 1 interval; 

(ii) The ONS method (|Pilvugin et alj|2010h . which allows 
the oxygen and nitrogen abundances to be determined as a 
function of parameters R 2 , R3, N 2 = i[ N ii]a6548+a6583/-^h/3, 

S2 = I[3 II1A6717+A673l/^ H8, and P\ 

(iii) The ON method (|Pilvugin et alJl201Ch . which is sim- 
ilar to the ONS method, but does not require the knowledge 
ofS 2 ; 

(iv) The NS method (|Pilvugin fc Mattssonll201ll ). which 
does not require [O 11] A3727 + A3729 intensity measure- 
ments and allows the oxygen and nitrogen abundances to 
be determined as functions of par ameters R3, N2, a nd S2; 

(v) The PP04 method l|Pettini fc Pagell 120041 ') . 
which allows the relative oxygen abundance to 
be determined from the parameter O3N2 = 
log[(/[oiii]A5007/^H/3)/(Vn]A6583/-fH Q )]. This method 
is practically extinction independent; it works in the 
-1 < O3N2 < 1.9 interval; 



Ionized gas in Holmberg II 7 




35 40 45 50 55 
Position, arcsec 



35 40 45 50 55 
Position, arcsec 



35 40 45 
Position, arcsec 



35 40 45 
Position, arcsec 



Figure 3. The H II region HSK45. The central part of the figure shows the HST Ha image together with the position of the PA102 slit. 
The left, right, and bottom panels show the distribution of relative emission-line intensities, electron temperature, and oxygen abundance, 
respectively, along the portion of the slit crossing the HSK45 region. 



(vi) The KK04 meth od dKewlev fc Dopitall2002l w ith the 
new parametrisation by iKobulnickv fc Kewlevll2004D based 
on theoretical photoionization models, which can be used to 
determine the oxygen abundance as a function of parame- 
ter R22, and ionization parameter q, which, in turn, can be 
obtained from the O32 = I\o iii]A4959+A5007/^[o n]A3727+A3729 
line intensity ratio. 

All the above methods can be used to determine the 
oxygen abundances, 12 + log (O/H) in the H n regions. Ac- 
cording to the authors of original publications, these meth- 
ods are accurate to about 0.1 dex (the PP04 method is less 
accurate, its error is of about 0.2 — 0.25 dex; the ON, NS, and 
ONS methods have smaller errors - of about 0.075 dex). The 
ON, NS, and ONS methods can also be used to determine 
the nitrogen abundance and hence the log (N/O) abundance 
ratio, which is important for chemical evolution models of 
galaxies. 

The chemical abundances of the Holmberg I I H 11 
regions were ea rlier estimated by iMasegosa et al.l (ll99lT); 
iLee et all |2003r i. and lCroxall et all (|2009l ). lMoustakas et all 
|2010l ) summarised these results and reported the galaxy- 
averaged abundances and average abundances at different 
galactocentric distances. We use all these data to compare 
wit h our results. 

ICroxall et all <|2009l ) and ILee et all (|2003l 1 report rela- 
tive line intensities, which we used to determine the elemen- 
tal abundances by applying all the methods employed in this 
paper. 

Table 3 lists the resulting estimates of abundances of 
chemical elements and individual ions for the H n regions 
based on our obser vatio ns and line inte nsities reported by 
ICroxall et all (|2009l ) and lLee et all (|2003h . Table 3 gives only 
the formal measurement errors, which do not include the 
uncertainties of the each method itself. 



Abundances obtained for similar slit positions based 
on our observations and those reported in previous stud- 
ies mostly agree well with each other within the quoted 
observational errors . The oxygen ab u ndan ces reported by 
ICroxall et all (|2009r i and ILee et all (|2003l l slightly differ 
from those calculated in this study using the fluxes reported 
by the above authors. This discrepancy is due to the use of 
different atomic data. For some H n regions, the abundances 
determined in this paper do not m a tch t hose obtained by 
ICroxall et all (|2009h and ILee et al.l (|2003T l because we ob- 
served different parts of the nebulae, which show significant 
abundance variations (see Section l4~Tj) . 



4 DISCUSSION 

4.1 Emission spectra of individual H n regions 

We analysed the variations of the emission-line intensity and 
physical conditions inside the H n regions in the brightest 
nebulae HSK45, HSK73, HSK70, and HSK67. Note that the 
detailed distribution of metallicity along an individual neb- 
ula could be determined only using the 'direct' method. Em- 
pirical methods can be applied only to the entire nebula as 
a whole - when they are used to determine the local chem- 
ical composition, the results are seriously affected by the 
emission stratification inside the region. 

HSK45. This is the largest H n complex seen in the 
Ha images of the galaxy. Its angular size is of about 25- 
30 arcsec, corresponding to t he linear size of 410- 490 pc. 
According to the estimates of lStewart et al.l (|2000h . it is a 
young region with an age of 2.5-3.5 Myr. Its composite mul- 
tishell structure conspicuously shows up in the images. 

Fig. [3] shows the image of the HSK45 H n region and 
the distribution of diagnostic line ratios along the part of the 
PA102 slit crossing the nebula. The [O in] A4959+A5007/H/3 
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Figure 4. The H II region HSK73. The top and bottom panels show the results obtained along the PA102 and PA187 slits, respectively. 
The central part of each figure shows the HST Ho image and the corresponding slit position. Each figure shows the distribution of 
relative emission-line intensities, electron temperature, and oxygen abundance along the part of the slit crossing this region. 



intensity ratio in the crossed parts of the shells is equal to 
about 2 and reaches 4.5 in the faint central area. The gas 
ionization degree at the centre is higher than at the edges of 
the complex. The decrease of the [O ill] A4959 + A5007/H/3 
ratio at the periphery can be explained by the fact that the 
oxygen emission there is dominated by + , and the decrease 
of the [S n] A6717 + A6731/Ha toward the centre of the re- 
gion could be caused by the high ionization stage of sulphur 
represented by S 2+ (possibly, in the vicinity of an ionizing 
cluster) . 



The HSK45 region exhibits a non-uniform distribution 
of T e along the slit. The relative oxygen abundance also 
varies along the region, however, these variations are not so 
strong, and metallicity is more or less constant and consis- 
tent with the region-averaged value listed in Table 3. 

HSK 73. This region, like HSK45, is one of the bright- 
est and most extended among those seen in the Ha image of 
the galaxy (see Fig. [TJ. The complex has an angular size of 
about 15-20 arcsec (linear size 250-330 pc). It is also a young 
region with an age of about t = 2.5 — 3.5 Myr l|Stewart et al.l 
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Figure 5. The H II regions HSK70 and HSK67. The central part of the figure shows the Ha image (taken from the HST archive). Also 
shown is the position of the PA187 slit. The other panels show the distribution of relative emission-line intensities, electron temperature, 
and oxygen abundance along the slit. 



2000), characterised by a composite shell structure. The cen- 
tre of the regio n hosts the most m assive stellar cluster of 
those studied bv lCook etafl i|2012l ) in the HoII galaxy. 

Fig. [3] shows the image of the HSK73 region and the 
distribution of relative emission-line intensities, the electron 
temperature and oxygen abundance along the parts of the 
PA102 and PA187 slits crossing the complex from west to 
east and from north to south, respectively. 

The [O III] A4959 + A5007/H/3 intensity ratio is constant 
in the north-eastern part of the region and increases signif- 
icantly in its north-western part; this ratio can also be seen 
to increase from north to south. The [O n] A3727/JO ill] 
A4959 + A5007 ratio, which characterises the degree of 
gas ionization, decreases with increasing [O ill] A4959 + 
A5007/H/3. This behaviour indicates that gas ionization is 
higher in the north-western and southern parts of the re- 
gion and that the cause is photoionization. 

We found a rather bright He II A4686 line emission in 
the central part of the region (positions ranging from —17 
to —20 arcsec on the PA187 slit). Note that the helium line 
emission region is compact and no such emission is present 
in the spectrum of the outer shell. The He II line emission 
may supposedly be due to the fact that here the slit crosses a 
compact nebula ionised by a Wolf-Rayet star or by another 
source of intense ultraviolet radiation. 

The distribution of oxygen abundance along the por- 
tions of the PA102 and PA187 slits crossing HSK73 demon- 
strates a constant gas metallicity in the north-western out- 
skirts of the region and a possible north-to-south metallicity 
gradient. Oxygen abundance also increases sharply near the 
north-eastern part of the shell. 

HSK 70 and HSK 67. These two H II regions are more 
compact than HSK45 and HSK73: the size of HSK70 is of 
about 10-15 arcsec (160-250 pc) and that of HSK67, about 



8 arcsec (130 pc). IStewart et ail ||200Ch estimated the ages 
of these regions to be 3.5-4.5 and 2.5-3.5 Myr, respectively. 

Fig.[5]shows the HST Ha images of HSK70 and HSK67, 
the position of the PA187 spectrograph slit, and the distri- 
bution of relative line intensities, electron temperature, and 
oxygen abundance along the slit. 

The image of the extended surroundings of HSK70 and 
HSK67 reveals a faint shell-like structure with a size of 40- 
50 arcsec (650-820 pc), which includes the two bright neb- 
ulae. 

The only known ultraluminous X-ray source (ULX) in 
the galaxy, Holmberg II X-l, is located at the eastern bound- 
ary of the HSK70 region. This source completely determines 
the kinematics and emission spectrum of the region (for 
a detailed study of t he nebula surrounding the source see 
iLehmann et al.l 20051 ') . The spectrograph slit in our observa- 
tions crosses the region 5 arcsec West of the source, but even 
at this distance (80 pc) a strong He II A4686 line emission 
of the nebula surrounding the ULX is observed (see Fig. [5]) . 

The [O ill] A4959 + A5007/H^ intensity ratio is high 
inside the two bright H II regions and decreases in the space 
between them. The [O n] A3727/[0 ill] A4959 + A5007 ratio, 
on the contrary, is low inside the regions and higher in the 
space between. This fact indicates that gas ionization inside 
HSK70 and HSK67 is higher than in the outskirts of the two 
bright nebulae. 

Gas metallicity in the HSK70 and in its outskirts is 
more or less the same and coincides with the region-averaged 
value. The HSK67 nebula exhibits a sharp decrease of oxy- 
gen abundance in the north-south direction. 

The [S n] A6717 + A6731/Ha line intensity ratio does 
not exceed 0.2 along all the regions described above, thereby 
supporting the photoionization mechanism of gas excitation. 
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Table 2. Oxygen abundances in the IC 10 and VII Zw 403 galaxies estimated using different methods 



Galaxy 


H II region 




12 


±log(0/H) estimated using 


different methods 






& slit PA 


T e 


PT05 


ONS 


ON 


NS 


PP04 


KK04 


IC 10 


HLllla PAO 


S 28 + 04 


8 34 + 24 


8.14 ±0.06 


8.05 ± 0.05 


8.16 ±0.02 


8.36 ± 0.01 


8 27 + 28 


IC 10 


HLlllb PAO 


8.29 ± 0.04 


8.27 ±0.22 


8.18 ±0.06 


8.11 ± 0.05 


8.22 ±0.03 


8.41 ± 0.01 


8.23 ±0.29 


IC 10 


HLlllc PAO 


8.24 ±0.02 


8.24 ±0.15 


8.03 ±0.03 


7.92 ± 0.03 


8.07 ±0.01 


8.18 ± 0.04 


8.38 ±0.11 


IC 10 


HLlllc PAO 


8.24 ±0.07 


8.29 ±0.38 


8.12 ±0.12 


8.05 ± 0.09 


8.15 ±0.04 


8.29 ± 0.01 


8.28 ±0.45 


IC 10 


HLllld PA268 


8.05 ± 0.05 


8.28 ±0.11 


8.12 ±0.05 


8.07 ±0.04 


8.16 ±0.03 


8.26 ± 0.05 


8.33 ±0.08 


IC 10 


HLlllc PA268 


8.15 ± 0.03 


7.94 ±0.10 


7.86 ±0.03 


7.71 ± 0.03 


7.70 ± 0.03 


8.18 ± 0.01 


8.32 ±0.02 


IC 10 


HLllla PA331 


8.20 ±0.04 


8.05 ± 0.34 


8.14 ±0.09 


8.17 ±0.07 


8.19 ±0.03 


8.13 ± 0.01 


8.35 ±0.23 


IC 10 


HL50 PA331 


8.19 ± 0.20 


8.30 ±0.16 


8.07 ±0.34 


8.04 ±0.31 


8.01 ±0.13 


8.42 ± 0.01 




IC 10 


HL45 PA45 


8.15 ± 0.05 


7.92 ±0.17 


7.79 ±0.10 


7.84 ±0.08 


7.84 ± 0.04 


8.31 ± 0.01 


8.16 ±0.20 


IC 10 


HL50 PA45 


8.25 ± 0.02 


8.10 ±0.16 


8.24 ±0.03 


8.27 ±0.02 


8.29 ±0.01 


8.23 ± 0.01 


8.35 ±0.10 


VII Zw 403 


#1 


7.71 ± 0.01 


7.43 ± 0.03 


7.72 ±0.02 


7.80 ±0.02 


7.77 ±0.01 


7.96 ± 0.03 


7.90 ±0.18 


VII Zw 403 


#3 


7.73 ± 0.01 


7.61 ±0.09 


7.68 ±0.02 


7.61 ± 0.02 


7.62 ±0.01 


8.06 ± 0.02 


8.02 ±0.19 


VII Zw 403 


#1 


7.75 ±0.02 


7.71 ±0.05 


7.71 ±0.03 


7.65 ± 0.04 


7.67 ± 0.03 


8.05 ±0.02 


8.09 ±0.14 



Note. The H II regions in IC 10 are designated in a ccordance with the list of iHodg e fc Lee| 1 1990f) and by the position angle of the 



spectrograph slit in our observations of this galaxy dLozinskay a_et al. 2009; Arkhi pova et all 



are identified by their numbers used in our previous stucUeTl[ArkhtEov^2^^ 



20111'!. The H II regions of VII Zw 403 



4.2 Comparison of different methods of oxygen 
abundance determination 

In recent years several authors performed detailed compar- 
isons of different methods of elemental abundance estima- 
tion in order to determine the bona f ide applicability domain 
of every particular method (see, e.g.. lKewlev fc EllisorfeOOsl . 
lLopez-Sanchez et al.ll2012l and references therein). 

Thus the researchers have since long questioned even 
the correctness of the results obtained by the 'direct' T e 
method. This method may yield underestimated abundances 
in the case of s mall-scale temp erature fluctuations inside 
the H n region (|Piembertlll967h or significant te mperature 
variations along the nebula (Stasiriska 1978, 2005). A similar 
effect can be observed if the nebula studied is not a single 
Stroemgren zone, but a composite H II region containing 
seve ral ionization s o urcej f]. 

iPilvugin et all (|2012h showed that the T e -method can 
yield overestimated N/O abundance ratios for composite 
nebulae, whereas the empirical ON and NS methods anal- 
yse d by the above author s are f ree from this drawback. 

lLopez-Sanchez et al.l (|2012f ) used model spectra of H n 
regions to perform a detailed comparison of the currently 
most popular methods for estimating the chemical compo- 
sition. The above authors showed that the T e method some- 
what overestimates the oxygen, neon, and argon abundances 
compared to the input model values. They also showed that 
the results of the ON, NS, and ONS methods agree excel- 
lently with those of the T e method when applied to the spec- 
tra of real objects. However, they yield underestimated re- 
sults compared to the input v alues when applied to mode l 
spectra. Another conclusion of lLopez-Sanchez et al.l (|2012T l 
is that the KK04 method based on photoionization models 
yields the results that are most consistent with the chemi- 
cal composition of the stellar population. The results of this 
method also agree very well with those based on recombi- 
nation lines. The abundances determined using the KK04 



2 This is the case with all the H II regions we studied in the 
Holmberg II galaxy. 



method are systematically greater than those given by the 
T e method. 

The Holmberg II galaxy is an excellent test ground 
for comparing different methods of estimating the chemical 
composition under the conditions of inhomogeneous and ex- 
tended H II regions, where the effects like temperature vari- 
ation are obviously present (see, e.g., Figs. [3] SI [SJ|. Indeed, 
most of the bright H II regions observed have angular sizes 
of 10 arcsec or more, implying that their linear sizes exceed 
160 pc, which is evidently greater than the size of a classical 
Stroemgren zone around a single O-type star, and their ion- 
ization sources are young star clusters. Furthermore, the Ha 
images of the galaxy reveal the shell-like structure of many 
of the H II regions that we observed (see Fig. [T]). 

Our estimates of oxygen abundance in Holmberg II H II 
regions based on the T e method and six empirical methods 
fall in two groups (see Table 3). The first group contains 
the results obtained using the T e , ON, NS, ONS, and PT05 
methods (the median value 12±log(0/H) = 7.73±0.13), and 
the second group those obtained using the PP04 and KK04 
methods (the median value 12 + log(0/H) = 8.18 ± 0.09). 
lLopez-Sanchez et al.l (|2012f i analysed model spectra and 
showed that the PP04 method overestimates abundances at 
12±log(0/H) < 8.7 and therefore the results based on this 
method may be incorrect. 

Our metallicity estimates obtained by applying differ- 
ent methods to the gas emission spectrum in Holmberg 
II can also be compared with the results of our earlier 
study of the irregular galaxy IC 10 (|Lozinskava et al]|2009l ; 
lArkhipova et all 201 ill and the BCD galaxy VII Zw 403 
l|Arkhipova et all 120071 ; lEgorov fc Lozinskaval 1201 j ). Both 
galaxies were observed with the 6-m telescope of the SAO 
RAS using the SCORPIO focal reducer operating in the 
long-slit spectrograph mode, and the MPFS multipupil fiber 
spectrograph. We used these observations to measure the 
relative line intensities in 26 parts of 18 H II regions in the 
IC 10 and in five extended H II complexes (giant H II regions) 
in VII Zw 403. 

In the above studies we estimated the gas metallicity us- 
ing the PT05, PP04, and T e methods for the objects in IC 10 
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Figure 6. Comparison of differe nt methods for oxygen abundanc e estimation with the 'direct' T e meth od. The methods are desi gnated 
by the foll owing symbols: PP04 - IPettini fc Pagell Hooj): KK04 -iKobulnickv fc Kewlevl l|2004h : PT05 - IPilvugin fc Thuanl j2005t ): ONS 
and ON - IPilvugin et al.l <201C|) ; NS - IPilvugin fe Mattssonl [|201lf) 7 The circles, triangles, and squares show the results of these methods 
applied to the Holmberg II, IC 10, and VII Zw 403 galaxies, respectively. The solid lines show the y=x relations for different methods. 



l|Lozinskava et al . 2009; Arkhipova et al ]l201ll);andthe ON, 
ONS, NS, and T ? methods for the objects in VII Zw 403 
l| Arkhipova et al.ll2007l ; lEgorov fc Lozinskavall201ll ). To cor- 
rectly compare the three galaxies, we re-estimate the oxygen 
abundances for IC 10 and VII Zw 403 in this paper by apply- 
ing all the methods that we used for Holmberg II. Note that 
in original papers we made certain assumptions about T e in 
the H n regions when estimati ng the abundances in I C 10 
and VII Zw 403 as described in (|Lozinskava et aUl2009l ) and 
(Egor ov fc Lozi nskava 201lj) respectively. Our spectroscopic 
data allowed us to measure the intensity of the [O ill] A4363 
line and hence the electron temperature only in one H II re- 
gion HL 111 in IC 10. We adopted the T e measurements for 
another two nebulae (HL 45 and HL 50) from the literature. 
We obtained T e estimations from our spectra and from the 
literature for three H II regions in VII Zw 403. Further we 
use abundance measurements performed only for these re- 
gions with available T e estimations. The oxygen abundances 
for these regions of IC 10 and VII Zw 403 obtained using all 
the methods considered are listed in Table [2] 

We have thus analysed a total of 34 H II regions in three 
galaxies using the 'direct' T e method and the six empirical 
and theoretical methods mentioned above, and present the 
results in Fig. [6] 

Fig.[7]shows the differences between the results obtained 



using these six methods as a function of the abundance de- 
termined using the direct T e method. 

It follows from Table 3 and Figs. [6] and [7] that metallic- 
ities determined using different methods indeed differ sys- 
tematically, and the corresponding deviations agree well 
with the results of simul ated 'model' computations by 
lLopez-Sanchez et al.l (|2012h . The estimates based on the 
empirical PT05, ON, NS, and ONS methods on the aver- 
age agree well (although for some H II regions, the ONS 
method yields overestimated abundances compared to the 
values determined using the other two methods). Note 
that the PT05, ON, NS, and ONS methods somewhat un- 
derestimate the metallicities compared to the T e method. 
The KK04 method, on the contrary, systematically over- 
estimates metallicities compared to those, determined us- 
ing the 'direct' method. The PP04 method yields similar 
results. We applied these methods to the model data of 
lLopez-Sanchez et al.l (|2012h and found that the abundances 
determined using these techniques agree well with the metal- 
licity estimates based on recombination lines and with the 
metallicity of the stellar population. 

The observed variations of the estimated oxygen abun- 
dances of H II regions obtained by different methods may 
be due to the complex shell-like and clumpy structure of 
these regions. Indeed, it follows from Figs. [3] [4] and [5] that 
such regions exhibit appreciable, and in some cases quite 
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Figure 7. Difference between the oxygen abundance estimates obtained using the 'direct' T e method and the s ix methods mentioned 
above . The me thods employed are desig nated by the foll owing symbols: PP04 — IPettin i &: P^fieij l|20Q^| ); KK04 — iKobulnickv fc Kewlevl 
11200411 ; PT05 - IPilvugin fc Thuanl ( 120051) ; ONS and ON - IPilvugin et alj l l2010h ; NS - iPilvugin fc Mattssonl J201ll ), The circles, triangles, 
and squares show the results of the application of these methods to the Holmberg II, IC 10, and VII Zw 403 galaxies, respectively. The 
horizontal lines indicate the level of zero difference between the abundances given by the methods (black line) and the median deviation 
from the results of the T e method (grey line). 



important electron-temperature and metallicity variations 
from the centre towards the periphery. When averaged over 
the entire region, the results of the 'direct' method are more 
sensitive to the dense high-temperature 'inclusions' than to 
the regions with the 'average' density and temperature; this 
may explain why the direct method yields underestimated 
metallicities. 



4.3 Comparison of diagnostic diagrams with 
theoretical photoionization models. 

Figure [8] shows the diagnostic diagrams of relative line inten- 
sities — 7([0 ill] A5007)//(H/3) — as a function of 7([N II] 
A6583)//(H«) or J([S II] A6717 + A6731)//(Ha). They are 
based on ou r observations of the Holmberg II galaxy and on 
the data of ICroxall et al.l l|2009l ). These diagrams are tra- 
ditionally used to compare the observations with photoion- 
ization models. The curves s how t he theoretical diagnos- 
tic diagrams of Ke wlev et alj l|20TQt ) computed for different 
metallicities assuming continuous star formation over 5 Myr. 

It is evident from Fig. [S] that the results of observa- 
tions of H II regions in the galaxy agree well with mod- 
els in the metallicity interval Z = 0.004 — 0.008. Given 



the current estimate s of the solar metallicity, Zq = 0.0134 
l|Asplund et al.ll2009h . this corresponds to Z = (0.3-0. 6)Z Q . 
However, the mean oxygen abundance in the galaxy es- 
timated using the T e , ON, NS, ONS and PT05 meth- 
ods is 12 + log(0/H) = 7.73 ± 0.13 , whi ch yields Z ~ 
O.lZp (assuming 12 + log(O/H) = 8.69, see lAsplund et al.1 
2009). If we adopt the mean oxygen abundance estimate 
12 + log(0/H) = 8.18 ± 0.09 given by the PP04 and KK04 
methods, the resulting metallicity becomes Z ~ O.3z70 and 
agrees well with photoionization models. This is not surpris- 
ing given that both methods have been calibrated by such 
models. 

The [S n] A6717 + A6731/Ha line intensity ratio is a 
commonly used indicator of the shock excitation of gas. We 
tried to spectroscopically confirm the presence of the shock 
excita tion mechanism in the eas tern chain of H II regions, 
where FTonque fc WestphaH l|l995l ) identified the synchrotron 
component of the radio emission, possibly indicative of the 
presence of supernova remnants. However, it is evident from 
Fig. HI that the [S n] A6717 + A6731/Ha line intensity ratio 
does not exceed 0.2 in all regions, indicating the predomi- 
nance of photoionization excitation in the areas considered. 
It is not surprising that no evidence for the shock excitation 
of gas could be found in the optical spectra. At the relative 
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Figure 8. Diagnostic diagrams based on the result s of our obser- 
vation s of the Holmberg II galaxy and on the data of lCroxall et al.l 
teoogh. Also shown arc the theoretical photoioiiization models by 
iKewlev et all d2010h for different metallicities computed assum- 
ing the continuous star formation over 5 Myr. The dashed line in 
the upper panel the ratio I([S II] A6717 + A6731)//(Ho) = 0.2 



distant galaxy the nebulae we analysed are large complexes 
of gas ionized by many stars, and optical emission of super- 
nova remnants, if any, is hard to distinguish with the present 
spatial and spectral resolution. A detailed investigation of 
the kinematics of the nebulae by Fabry-Perot interferome- 
ter observations in Ha and [S n] lines that we defer to our 
forthcoming paper may be helpful in case we find evidence 
of supersonic gas velocities. 



5 CONCLUSIONS. 

We report relative oxygen, nitrogen, sulphur, neon, and ar- 
gon abundance estimates in the Holmberg II galaxy based 
on the long-slit spectra taken at the 6-m telescope of the 
SAO RAS. 

The oxygen, nitrogen, sulphur, argon and neon abun- 
dances in Holmberg II H n regions that we report in this pa- 
per are the most detailed estimates obtained for the galaxy 
used to date. According to our observations, the relative 
abundances of these elements in individual H II regions (ex- 
cluding regions with high uncertainties) lie within the fol- 
lowing intervals: 12 + log(0/H) = 7.38-7.89 (or 8.08-8.32 



depending on the method applied), 12 + log(N/H) = 5.92 — 
6.51, 12 + log(S/H) = 6.01 - 6.20, 12 + log(Ne/H) = 
6.89 - 7.07, and 12 + log(Ar/H) = 5.18 - 5.39. The aver- 
age gas metallicity in the galaxy is Z ~ 0.1 Zq (if computed 
using the T e , PT05, ONS, ON or NS method) or Z ~ 0.3 Z Q 
(if computed using the PP04 or KK04 method). 

We used our observations, which cove r most of the H H 
regi ons in the galaxy, the data reported bv lLee et al.1 (|2003T ) 
and ICroxall et all (|2009T l , as well as the results of our ear- 
lier observations of the Irr galaxy IC 10 and BCD galaxy 
VII Zw 403 to compare the currently most popular methods 
of the gas metallicity estimation in galaxies. 

The r esults of this study, on the w hole, confirm the con- 
clusions o f lLopez-Sanchez et all (|2012h based on the analysis 
of 'model' H II regions. On the average, the estimates made 
using the so-called PT05, ON, NS, and ONS methods agree 
well with each other (although the ONS method yields over- 
estimated abundances in some H II regions, compared to the 
results of other two methods). The PT05, ON, NS, and ONS 
methods yield lower metallicities compared to the 'direct' T e 
method. The PP04 and KK04 methods, which were used in 
this paper, on the contrary, yield systematically overesti- 
mated metallicities compared to the T e method. 

The PP04 method yields overestimated oxygen abun- 
dances for 12 + log(0/H) < 8.7 that are similar to those 
obtained by the KK04 method, leading us to conclude that 
the two methods yield less reliable estimates for the objects 
considered than those given by the T e , PT05, ON, NS and 
ONS methods. 

We show the metallicity estimates based on the compar- 
ison of diagnostic diagrams with the photoionization models 
to be less reliable than those determined from bright oxygen 
lines. 

We tried to confirm the supernova remnants in the east- 
ern ch ain of H II regions suspected by iTonque fc Westphall 
(1995). However, we did not find any excessive I([S n] 
A6717 + A6731)/7(H/3) line intensity ratio that would be 
indicative of gas emission behind the shock. 

The distributions of relative line intensities along the 
slits crossing the brightest and most extended H II regions 
proved to be non-uniform from the viewpoint of the struc- 
ture and that of metallicity, temperature, and state of ion- 
ization. This fact may play a key part in the determination 
of metallicities of the entire regions and cause discrepancies 
between the estimates obtained using different methods. 

We found a bright He II A4686 line emission in the cen- 
tral part of the shell nebula HSK73. This emission may be 
indicative of the presence of a Wolf-Rayet star or another 
energetic source of intense UV emission. 

We will study the structure and kinematics of the gas 
and dust structure of the Holmberg II in our forthcoming 
paper (Wiebe et al., in preparation). 
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Table 2. Relative intensities of emission lines (7(H/3)=100). 



HII region 


HSK7 


HSK15 


HSK16 


HSK17 


HSK20 


HSK25 


HSK26 


HSK31 


HSK32 


HSK41 


HSK45 


[O II] A3727 + A3729 


_ 


_ 


_ 


_ 


_ 


_ 


_ 


_ 


924.2 ± 68.7 


360.5 ± 6.9 


217.6 ± 0.6 


[Nc III] A3869 


_ 


_ 


_ 


_ 


_ 


_ 


_ 


_ 


_ 


16.5 ± 4.2 


26.8 ± 1.1 


He A3970 


_ 


_ 


_ 


_ 


_ 


_ 


_ 


_ 


_ 


16.4 ± 3.1 


21.6 ± 2.6 


H6 A4104 


20.5 ± 5.6 


_ 


_ 


_ 


_ 


_ 


_ 


_ 


_ 


22.9 ± 0.9 


24.0 ±1.1 


H7 A4340 


38.1 ± 0.9 


51.1 ± 27.3 


42.6 ± 6.0 


38.7 ± 4.2 


38.6 ± 14.5 


_ 


_ 


40.6 ± 5.1 


35.7 ± 18.3 


47.5 ± 1.3 


46.3 ± 1.6 


[O III] A4363 


8.5 ± 1.0 


_ 


_ 


_ 


_ 


_ 




_ 


_ 


3.7 ± 0.6 


6.5 ± 0.5 


He 1 A4471 


3.2 ± 0.7 


- 


- 


- 


— 


- 




- 


- 


3.0 ± 0.7 


3.5 ± 0.2 


Ho 11 A4686 
























Ho 1 A4921 




















0.86 ± 0.22 


0.88 ± 0.47 


[O III] A5007 


425.4 ± 17.8 


160.4 ± 8.4 


205.9 ± 7.2 


220.69±16.9 


101.4 ± 10.5 


113.5 ± 2.2 


1 ± 106.2 


329.3 ± 4.1 


86.3 ± 6.9 


174.9 ± 2.0 


357.8 ± 2.1 


[O III] A4959 


139.8 ± 6.8 


53.0 ± 3.5 


69.3 ± 3.0 


74.4 ± 6.7 


33.2 ± 4.2 


35.4 ± 1.4 


14.5 ± 41.0 


109.0 ± 1.8 


29.1 ± 3.0 


58.5 ± 0.9 


124.2 ± 0.9 


He 1 A5876 


11.0 ± 0.2 






13.2 ± 1.3 


15.1 ± 1.0 


20.8 ± 0.7 




22.9 ± 0.6 


20.4 ± 1.8 


10.9 ± 0.9 


11.1 ± 0.5 


[S III] A6312 


1.6 ± 0.4 


3.9 ± 0.8 


2.6 ± 0.4 


1.8 ± 1.0 


2.1 ± 0.4 












1.5 ± 0.1 


[N 11] A6548 


2.0 ± 0.3 


3.5 ± 1.9 


2.8 ± 0.7 


3.0 ± 0.3 


3.6 ± 0.5 


5.2 ± 0.6 


9.6 ± 3.5 


5.3 ± 3.6 


4.1 ± 3.1 


4.0 ± 0.6 


3.0 ± 0.1 


Ha A6563 


280.9 ± 7.4 


249.0 ± 10.7 


282.3 ± 6.9 


279.6 ± 5.6 


280.1 ± 9.6 


279.8 ± 3.7 


281.5 ± 8.9 


280.5 ± 4.2 


280.9 ± 22.0 


280.9 ± 9.1 


280.9 ± 13.6 


[N 11] A6583 


3.7 ± 0.4 


10.9 ± 4.7 


9.1 ± 1.7 


8.1 ± 0.5 


11.3 ± 1.0 


11.9 ± 0.5 


19.8 ± 2.5 


11.9 ± 6.4 


12.1 ± 7.2 


12.5 ± 1.4 


8.2 ± 0.2 


He 1 A6678 


2.6 ± 0.1 






2.4 ± 2.1 








2.6 ± 0.8 




2.5 ± 0.8 


3.0 ± 0.1 


[S 11] A6717 


7.0 ± 0.1 


16.5 ± 2.3 


20.0 ± 1.0 


14.8 ± 0.4 


30.1 ± 2.4 


33.7 ± 1.3 


39.3 ± 6.8 


25.8 ± 1.3 


33.7 ± 4.6 


34.3 ± 1.0 


17.8 ± 0.2 


[S 11] A6731 


5.2 ± 0.1 


11.4 ± 2.1 


13.9 ± 1.0 


10.9 ± 0.5 


20.9 ± 2.1 


23.8 ± 1.5 


28.2 ± 6.9 


18.4 ± 1.2 


27.9 ± 5.1 


24.2 ± 0.9 


12.7 ± 0.2 


He 1 A7065 








1.5 ± 0.5 








1.8 ± 0.4 




2.2 ± 0.2 


2.8 ± 0.2 


[Ar III] A7136 


4.6 ± 0.4 


2.8 ± 1.6 


4.1 ± 0.6 


4.3 ± 2.4 


2.5 ± 4.2 


3.7 ± 0.6 




7.0 ± 1.3 




3.7 ± 0.7 


5.5 ± 0.1 


[O 11] A7320 


1.5 ± 0.1 




3.6 ± 0.2 


3.2 ± 0.2 


4.3 ± 0.2 










3.4 ± 0.2 


2.8 ± 0.1 


[O 11] A7330 


1.2 ± 0.1 




2.8 ± 0.5 


2.1 ± 0.3 


2.9 ± 0.4 










3.0 ± 0.4 


2.2 ± 0.1 



HII region 


HSK56 


HSK57 


HSK59 


HSK61 


HSK65 


HSK67 


HSK69 


HSK70 


HSK71 


HSK73 
(PA187) 


HSK73 
(PA102) 


[O 11] A3727 + A3729 


252.0 ± 8.2 




267.5 ± 6.1 






171.05 ± 4.1 


272.1 ± 5.1 


239.9 ± 6.7 


205.6 ± 2.3 


282.9 ± 2.4 


204.1 ± 1.8 


[Nc III] A3869 


28.5 ± 8.4 




14.4 ± 1.0 






19.3 ± 4.3 


7.5 ± 4.6 


24.7 ±2.1 


21.9 ± 3.7 


19.2 ± 5.0 


23.0 ± 3.0 


He A3970 


16.3 ± 10.6 




14.8 ± 9.8 






20.5 ± 0.3 


16.7 ± 2.9 


21.4 ± 8.6 


21.0 ± 2.3 


20.3 ± 6.0 


20.1 ± 1.9 


H6 A4104 


20.3 ± 1.5 




20.5 ± 0.5 






23.9 ± 1.8 


25.3 ± 1.7 


24.7 ± 1.6 


23.8 ± 0.9 


24.9 ± 1.3 


23.1 ± 1.0 


H7 A4340 


47.4 ± 3.1 




47.4 ± 1.7 


31.6 ± 8.9 


42.3 ± 47.3 


45.9 ± 2.1 


50.1 ± 3.7 


47.5 ± 1.9 


46.9 ± 2.3 


49.1 ± 2.5 


47.4 ± 1.3 


[O III] A4363 


5.9 ± 0.4 










5.2 ± 1.4 


1.5 ± 0.3 


5.6 ± 0.7 


5.7 ± 0.6 


4.0 ± 3.5 


6.3 ± 0.9 


He 1 A4471 






2.3 ± 3.4 






3.5 ± 0.6 


3.8 ± 0.8 


3.3 ± 0.5 


3.3 ± 0.3 


5.4 ± 0.8 


3.8 ± 0.2 


He 11 A4686 
















1.8 ± 0.3 




4.3 ± 1.1 




He 1 A4921 


2.71 ± 0.43 










0.81 ± 0.72 






0.69 ± 0.36 


1.45 ± 0.62 


1.37 ± 0.70 


[O III] A5007 


292.9 ± 1.9 


90.6 ± 6.4 


182.5 ± 1.9 


206.1 ± 2.7 


126.3 ± 2.2 


297.1 ± 2.2 


119.1 ± 2.5 


293.4 ± 1.6 


332.4 ± 3.8 


223.1 ± 1.9 


263.4 ± 2.1 


[O III] A4959 


98.7 ± 0.8 


40.2 ± 5.6 


61.2 ± 0.8 


67.7 ± 1.8 


42.1 ± 1.1 


99.3 ± 0.9 


39.4 ± 1.0 


97.9 ± 0.7 


107.6 ± 1.5 


73.0 ± 0.8 


89.2 ± 0.9 


He 1 A5876 


13.1 ± 0.8 


93.0 ± 1.9 


9.8 ± 1.5 


33.5 ± 0.9 


20.1 ± 1.0 


10.1 ± 0.3 


13.4 ± 1.5 


9.7 ± 1.0 


10.4 ± 1.3 


14.2 ± 1.1 


11.4 ± 0.8 


[S III] A6312 










5.8 ± 4.9 


1.6 ± 1.3 




1.3 ± 0.2 


1.2 ± 0.1 


1.8 ± 2.0 




[N 11] A6548 


2.7 ± 0.9 


9.5 ± 2.6 


2.1 ± 0.3 


3.7 ± 0.9 


2.0 ± 0.3 


1.7 ± 0.2 


4.0 ± 2.0 


2.0 ± 0.2 


2.6 ± 0.2 


3.9 ± 0.3 


2.2 ± 0.2 


Ha A6563 


280.9 ± 10.7 


279.5 ± 25.3 


280.9 ± 9.6 


282.4 ± 12.4 


279.7 ± 4.3 


275.7 ± 8.0 


335.3 ± 9.1 


280.5 ± 3.4 


279.5 ± 6.6 


293.7 ± 3.7 


280.9 ± 10.0 


[N 11] A6583 


8.7 ± 2.1 


13.6 ± 1.3 


8.9 ± 1.0 


7.5 ± 0.7 


6.5 ± 0.4 


3.9 ± 0.3 


6.4 ± 1.7 


6.1 ± 0.4 


5.9 ± 0.2 


8.5 ± 0.5 


6.4 ± 0.4 


He 1 A6678 










2.4 ± 0.5 


2.5 ± 1.4 




2.3 ± 0.2 


2.7 ± 0.6 


4.1 ± 1.5 


2.3 ± 0.3 


[S 11] A6717 


23.6 ± 1.3 


27.9 ± 30.2 


21.3 ± 1.3 


17.3 ± 12.0 


19.7 ± 0.6 


8.3 ± 0.3 


19.0 ± 1.8 


15.6 ± 0.4 


11.0 ± 0.2 


18.8 ± 1.1 


19.0 ± 0.4 


[S 11] A6731 


14.9 ± 1.0 


21.4 ± 29.6 


15.1 ± 1.2 


13.1 ± 11.5 


14.4 ± 0.9 


5.8 ± 0.3 


12.9 ± 2.0 


10.7 ± 0.4 


8.0 ± 0.2 


13.0 ± 0.9 


12.8 ± 0.3 


He 1 A7065 










1.3 ± 0.5 


2.0 ± 0.7 




1.6 ± 0.3 


2.5 ± 0.9 


4.1 ± 1.3 




[Ar III] A7136 


4.5 ± 1.4 




3.6 ± 0.4 


4.6 ± 1.0 


3.5 ± 0.6 


3.9 ± 0.4 




3.7 ± 0.4 


4.5 ± 0.9 


4.6 ± 3.3 


3.8 ± 0.6 


[O 11] A7320 






6.9 ± 0.3 






1.9 ± 0.1 




2.1 ± 0.1 


2.3 ± 2.1 


2.7 ± 0.2 


3.4 ± 0.1 


[O 11] A7330 






5.3 ± 0.6 






1.5 ± 0.2 




1.6 ± 0.3 


1.9 ± 2.3 


2.3 ± 0.4 


1.6 ± 0.1 



Table 3. Physical properties of ionized gas and elemental abundances in H II regions 



HII region 


HSK7 


HSK15 


HSK16 


HSK17 


HSK20 


HSK25 


HSK26 


HSK31 


HSK32 


HSK41 


HSK41 


HSK45 


reference 


PA347 


PA347 


PA347 


PA347 


PA347 


PA304 


PA347 


PA304 


PA102 


PA102 


Cr8 


PA102 


E(B - V), mag 


0.19 ± 0.04 


— 


0.10 ± 0.03 


0.25 ± 0.03 


0.19 ± 0.05 


0.34 ± 0.11 


0.13 ± 0.03 


0.16 ± 0.02 


0.41 ± 0.10 


0.15 ± 0.06 


— 


0.18 ± 0.06 


n cm -3 


80 ± 10 




10 ± 40 


70 ± 30 


10 ± 80 


20 ± 40 


40 ± 190 


40 ± 50 


220 ± 200 


20 ± 30 


180 ± 140 


30 ± 10 


T e ([0 III]), K 


15200 ± 900 


















15600 ± 1100 




14600 ± 400 


T e ([0 II]). K 


12300 ± 600 




_ 


_ 


_ 


_ 


_ 


_ 


_ 


12200 ± 700 


_ 


12200 ± 300 


T e ([S III]), K 


15400 ± 1100 


- 


- 


- 


- 


- 


- 


- 


- 


15100 ± 1100 


- 


14700 ± 500 


12 + log (O+/H+) 


— 


— 


— 


— 


— 


— 


— 


— 


— 


7.75 ± 0.08 


— 


7.53 ± 0.03 


12 + log (0 2 +/H+) 


7.66 ± 0.06 


_ 


_ 


_ 


_ 


_ 




— 


_ 


7.25 ± 0.07 


_ 


7.64 ± 0.03 


12 + log(0/H) (Te) 


— 


- 


— 


— 


— 


— 


_ 


— 


— 


7.87 ± 0.07 


— 


7.89 ± 0.02 


12 + log (O/H) (PT05) 


- 


— 


- 


- 


— 


- 


- 


- 


- 


- 


— 


7.90 ± 0.01 


12 + log (O/H) (ONS) 


— 


— 


— 


— 


- 


— 


— 


— 


7.71 ± 0.08 


7.91 ± 0.01 


7.88 ± 0.04 


7.83 ± 0.01 


12 + log (O/H) (ON) 


















7.33 ± 0.16 


7.68 ± 0.03 


7.71 ± 0.04 


7.87 ± 0.01 


12 + log (O/H) (NS) 


7.76 ± 0.03 


7.63 ± 0.10 


7.68 ± 0.05 


7.69 ± 0.03 


7.45 ± 0.04 


7.53 ± 0.02 


7.34 ± 0.73 


7.97 ± 0.12 


7.41 ± 0.14 


7.70 ± 0.03 


7.72 ± 0.03 


7.89 ± 0.02 


12 + log (O/H) (PP04) 




8.23 ± 0.06 


8.15 ± 0.03 


8.13 ± 0.01 


8.28 ± 0.02 


8.27 ± 0.01 


8.46 ± 0.30 


8.12 ± 0.07 


8.31 ± 0.08 


8.22 ± 0.02 


8.23 ± 0.02 




12 + log (O/H) (KK04) 




















8.26 ± 0.09 


8.16 ± 0.27 


8.23 ± 0.04 


12 + log (N+/H+) 


5.66 ± 0.06 


















6.12 ± 0.06 




5.95 ± 0.02 


12 + log(N/H) (T c ) 


6.29 ± 0.07 


















6.29 ± 0.07 




6.36 ± 0.03 


12 + log (N/H) (ONS) 


















5.78 ± 0.27 


6.31 ± 0.05 


6.40 ± 0.06 


6.36 ± 0.01 


12 + log (N/H) (ON) 


















5.46 ± 0.23 


6.13 ± 0.04 


6.28 ± 0.05 


6.36 ± 0.01 


12 + log (N/H) (NS) 


6.32 ± 0.03 


6.23 ± 0.12 


6.21 ± 0.09 


6-25 ± 0.03 


5.96 ± 0.08 


6.05 ± 0.02 


5.93 ± 0.70 


6.51 ± 0.14 


5.92 ± 0.16 


6.20 ± 0.03 


6.25 ± 0.03 


6.41 ± 0.01 


log(N/0) (T e ) 




















-1.63 ± 0.10 




-1.56 ± 0.03 


log (N/O) (ONS) 


















-1.93 ± 0.28 


-1.60 ± 0.05 


-1.48 ± 0.08 


-1.47 ± 0.01 


log (N/O) (ON) 


















-1.87 ± 0.28 


-1.55 ± 0.05 


-1.44 ± 0.06 


-1.51 ± 0.01 


log (N/O) (NS) 


-1.44 ± 0.04 


-1.41 ± 0.16 


-1.47 ± 0.07 


-1.44 ± 0.04 


-1.48 ± 0.06 


-1.48 ± 0.02 


-1.41 ± 1.01 


-1.46 ± 0.19 


-1.50 ± 0.21 


-1.50 ± 0.04 


-1.48 ± 0.04 


-1.47 ± 0.01 


12 + log (S+/H+) 


5.24 ± 0.04 


















5.92 ± 0.05 




5.64 ± 0.02 


12 + log (S 2 +/H+) 


5.88 ± 0.13 






















5.91 ± 0.06 


12 + log (S/H) 


6.03 ± 0.11 






















6.11 ± 0.04 


12 + log (Ar 2 +/H+) 


5.25 ± 0.06 


















5.17 ± 0.09 




5.36 ± 0.03 


12 + log (Ar/H) 


5.28 ± 0.06 


















5.23 ± 0.10 




5.39 ± 0.03 


12 + log (No+/H+) 


6.98 ± 0.75 


















6.60 ± 0.14 




6.89 ± 0.04 


12 + log (Ne/H) 


7.04 ± 0.75 


















6.93 ± 0.14 




7.05 ± 0.04 




HII region 


HSK45 


HSK45 


HSK50 


HSK56 


HSK57 


HSK59 


HSK61 


HSK65 


HSK67 


HSK67 


HSK67 


HSK69 


reference 


Cr7 


Cr9 


Cr5 


PA102 


PA304 


PA 102 


PA304 


PA304 


PA187 


Crl3 


Lee 


PA187 


E(B - V). mag 








0.15 ± 0.14 


0.12 ± 0.12 


0.10 ± 0.08 


0.07 ± 0.06 


0.06 ± 0.02 


0.09 ± 0.07 






0.15 ± 0.10 


n cm~ 3 


70 ± 100 


40 ± 100 


110 ± 120 




120 ± 1320 


20 ± 60 


100 ± 820 


60 ± 30 


20 ± 40 








T e QO III]), K 


13300 ± 600 


14500 ± 1200 


13400 ± 800 


15200 ± 400 










14300 ± 1500 


13300 ± 500 


22600 ± 5700 


12600 ± 1100 


T e QO II]). K 


11800 ± 400 


12200 ± 800 


11900 ± 600 


12300 ± 300 










12200 ± 1100 


11900 ± 400 




11500 ± 800 


T e ([S III]), K 


13500 ± 800 


14700 ± 1500 


13600 ± 1100 


14800 ± 400 










14100 ± 1700 


13300 ± 400 


20200 ± 2400 


12200 ± 1400 


12 + log (0+/H+) 


7.46 ± 0.06 


7.56 ± 0.11 


7.54 ± 0.08 


7.59 ± 0.04 










7.43 ± 0.13 


7.13 ± 0.05 




7.72 ± 0.11 


12 + log (0 2 +/H+) 


7.75 ± 0.05 


7.61 ± 0.09 


7.72 ± 0.07 


7.50 ± 0.03 










7.57 ± 0.12 


7.72 ± 0.04 


6.96 ± 0.21 


7.33 ± 0.10 


12 + log (O/H) (T ) 


7.93 ± 0.04 


7.89 ± 0.07 


7.94 ± 0.05 


7.85 ± 0.02 










7.81 ± 0.09 


7.82 ± 0.04 




7.87 ± 0.09 


12 + log (O/H) (PT05) 


7.76 ± 0.02 


7.91 ± 0.03 


7.84 ± 0.03 


7.89 ± 0.01 










7.71 ± 0.01 


7.47 ± 0.02 






12 + log (O/H) (ONS) 


7.80 ± 0.03 


7.82 ± 0.04 


7.72 ± 0.04 


7.84 ± 0.03 




7.74 ± 0.02 






7.55 ± 0.01 


7.47 ± 0.03 




7.63 ± 0.04 


12 + log (O/H) (ON) 


7.89 ± 0.03 


7.85 ± 0.03 


7.74 ± 0.04 


7.78 ± 0.07 




7.58 ± 0.03 






7.58 ± 0.03 


7.57 ± 0.03 




7.39 ± 0.08 


12 + log (O/H) (NS) 


7.89 ± 0.02 


7.87 ± 0.02 


7.77 ± 0.03 


7.80 ± 0.06 


7.57 ± 0.05 


7.60 ± 0.03 


7.66 ± 0.03 


7.38 ± 0.02 


7.61 ± 0.02 


7.57 ± 0.02 




7.42 ± 0.07 


12 + log (O/H) (PP04) 










8.32 ± 0.02 


8.17 ± 0.02 


8.13 ± 0.01 


8.18 ± 0.01 








8.16 ± 0.04 


12 + log (O/H) (KK04) 


8.15 ± 0.38 


8.23 ± 0.39 


8.19 ± 0.38 


8.21 ± 0.11 




8.13 ± 0.06 






8.09 ± 0.06 


7.94 ± 0.38 


8.13 ± 0.49 


8.08 ± 0.06 


12 + log (N+/H+) 


5-99 ± 0.04 


5.98 ± 0.07 


5.83 ± 0.06 


5.96 ± 0.09 










5.65 ± 0.09 


5.53 ± 0.04 




5.98 ± 0.13 


12 + log (N/H) (Te) 


6.49 ± 0.05 


6.35 ± 0.08 


6.27 ± 0.07 


6.26 ± 0.09 










6.08 ± 0.11 


6.19 ± 0.05 




6.17 ± 0.13 


12 + log (N/H) (ONS) 


6.44 ± 0.05 


6.35 ± 0.05 


6.17 ± 0.06 


6.28 ± 0.11 




6.15 ± 0.05 






5.98 ± 0.04 


6.07 ± 0.05 




6.02 ± 0.14 


12 + log (N/H) (ON) 


6.49 ± 0.03 


6.34 ± 0.04 


6.15 ± 0.05 


6.23 ± 0.10 




6.02 ± 0.05 






5.95 ± 0.03 


6.11 ± 0.04 




5.82 ± 0.12 


12 + log (N/H) (NS) 


6.42 ± 0.02 


6.42 ± 0.02 


6.29 ± 0.03 


6.30 ± 0.07 


6.16 ± 0.15 


6.12 ± 0.03 


6.20 ± 0.09 


5.87 ± 0.02 


6.15 ± 0.02 


6.09 ± 0.03 




5.94 ± 0.08 


log (N/O) (T e ) 


-1.46 ± 0.06 


-1.57 ± 0.11 


-1.70 ± 0.08 


-1.62 ± 0.09 










-1.75 ± 0.14 


-1.63 ± 0.06 




-1.74 ± 0.16 


log (N/O) (ONS) 


-1.37 ± 0.06 


-1.47 ± 0.07 


-1.54 ± 0.07 


-1.55 ± 0.11 




-1.59 ± 0.06 






-1.57 ± 0.04 


-1.40 ± 0.06 




-1.61 ± 0.14 


log (N/O) (ON) 


-1.40 ± 0.04 


-1.51 ± 0.05 


-1.58 ± 0.06 


-1.55 ± 0.12 




-1.57 ± 0.06 






-1.63 ± 0.04 


-1.46 ± 0.05 




-1.58 ± 0.14 


log (N/O) (NS) 


-1.47 ± 0.03 


-1.45 ± 0.03 


-1.48 ± 0.04 


-1.50 ± 0.09 


-1.41 ± 0.15 


-1.49 ± 0.04 


-1.46 ± 0.10 


-1.51 ± 0.03 


-1.46 ± 0.03 


-1.47 ± 0.04 




-1.47 ± 0.11 


12 + log (S+/H+) 


5-66 ± 0.04 


5.61 ± 0.06 


5.53 ± 0.05 


5.73 ± 0.03 










5.31 ± 0.08 


5.19 ± 0.03 




5.71 ± 0.07 


12 + log (S 2 +/H+) 


6.06 ± 0.10 


5.97 ± 0.17 


6.15 ± 0.15 












5.99 ± 0.41 


5.88 ± 0.11 






12 + log (S/H) 


6.24 ± 0.07 


6.14 ± 0.12 


6.26 ± 0.12 












6.09 ± 0.34 


6.04 ± 0.09 






12 + log (Ar 2 +/H+) 


5.48 ± 0.06 


5.30 ± 0.09 


5.47 ± 0.08 


5.27 ± 0.14 










5.25 ± 0.10 


5.28 ± 0.05 






12 + log (Ar/H) 


5-51 ± 0.06 


5.34 ± 0.09 


5.51 ± 0.08 


5.31 ± 0.14 










5.28 ± 0.10 


5.32 ± 0.05 






12 + log (No+/H+) 


7.00 ± 0.06 






6.86 ± 0.13 










6.77 ± 0.17 


6-80 ± 0.05 


6.52 ± 0.24 


6.54 ± 0.29 


12 + log (No/H) 


7.12 ± 0.06 






7.07 ± 0.13 










6.89 ± 0.17 


6.86 ± 0.05 


6.64 ± 0.24 


6.88 ± 0.29 



Table 3. Continued. 



HII region 


HSK69 


HSK70 


HSK70 


HSK70 


HSK71 


HSK71 


HSK73 


HSK73 




HSK73 


HSK73 


HSK74 




HSK82 


reference 


Lee 


PA187 


Lee 


Crll 


PA187 


Lee 


PA187 


PA102 




Lee 


Cr4 


Cr3 




Cr2 


E(B — V) ; mag 


— 


0.21 ± 0.09 


— 


— 


0.27 ± 0.08 


— 


0.16 ± 0.09 


0.16 ± 0.06 


— 


— 






— 


cm -3 


— 


— 


— 


50 ± 90 


40 ± 20 


— 


— 






— 


40 ± 110 


60 ± 100 




10 ± 120 


T e ([0 III]), K 


17400 ± 8100 


14800 ± 800 


15900 ± 1600 


15600 ± 1000 


14200 ± 600 


14800 ± 1400 


14500 ± 3400 


16600 ± 


1100 


13400 ± 2700 


13400 ± 1000 


14000 ± 400 


12500 ± 1000 


T e ([0 II]), K 


11000 ± 3600 


12300 ± 500 


12100 ± 900 


12200 ± 700 


12200 ± 400 


12200 ± 900 


12200 ± 2400 


11800 ± 600 


11900 ± 2000 


11900 ± 700 


12100 ± 300 


11500 ± 800 


T e ([S III]), K 


16800 ± 7000 


14500 ± 800 


15500 ± 1500 


15200 ± 1000 


14300 ± 700 


14400 ± 1400 


14100 ± 3600 


16100 ± 900 


13200 ± 3400 


13300 ± 1300 


14400 ± 600 


12600 ± 1500 


12 + log (O+/H+) 


7-76 ± 0.56 


7.57 ± 0.06 


7.48 ± 0.12 


7.44 ± 0.08 


7.51 ± 0.05 


7.35 ± 0.12 


7.64 ± 0.30 


7.56 ± 


07 


7.60 ± 0.27 


7.51 ± 0.10 


7.10 ± 


04 


7.14 ± 0.11 


12 + log (0 2 +/H+) 


7.02 ± 0.46 


7.53 ± 0.05 


7.41 ± 0.11 


7.50 ± 0.07 


7.63 ± 0.04 


7.54 ± 0.10 


7.43 ± 0.26 


7.36 ± 


06 


7.50 ± 0.23 


7.62 ± 0.08 


7.75 ± 


03 


7.86 ± 0.09 


12 + log (O/H) (T ) 


7.83 ± 0.48 


7.85 ± 0.04 


7.75 ± 0.08 


7.77 ± 0.05 


7.87 ± 0.03 


7.76 ± 0.08 


7.85 ± 0.21 


7.78 ± 


.05 


7.86 ± 0.18 


7.87 ± 0.06 


7.84 ± 


03 


7.93 ± 0.08 


12 4- log (O/H) (PT05) 


— 


7.87 ± 0.01 


7.72 ± 0.05 


7.74 ± 0.02 


7.83 ± 0.01 


7.63 ± 0.05 


- 


7.75 ± 


01 


— 


7.72 ± 0.02 


7.57 ± 


02 


7.51 ± 0.02 


12 4- log (O/H) (ONS) 




7. 74 ± 0.01 




7.78 ± 0.03 


7.69 ± 0.01 




7.79 ± 0.01 


7.72 ± 


01 




7.71 rb 0.04 


7.61 ± 


03 


7.67 ± 0.03 


12 + log (O/H) (ON) 


_ 


7.69 ± 0.02 


_ 


7.83 ± 0.03 


7.74 ± 0.01 


_ 


7.69 ± 0.02 


7.66 ± 


02 


_ 


7.72 ± 0.04 


7.66 ± 


04 


7.78 ± 0.04 


12 + log (O/H) (NS) 




7.72 ± 0.01 




7.83 ± 0.02 


7.77 ± 0.01 




7.72 ± 0.01 


7.68 ± 


02 




7.73 ± 0.03 


7.66 ± 


03 


7.76 ± 0.03 


12 + log (O/H) (PP04) 














8.13 ± 0.01 
















12 + log (O/H) (KK04) 


8.05 ± 0.42 


8.20 ± 0.08 


8.09 ± 0.53 


8.12 ± 0.33 


8.18 ± 0.07 


8.04 ± 0.60 


8.19 ± 0.04 


8.11 ± 


04 


8.11 ± 0.43 


8.09 ± 0.31 


8.03 ± 


45 


7.99 ± 0.50 


12 + log (N + /H+) 




5.83 ± 0.04 




5.96 ± 0.05 


5.84 ± 0.03 




6.00 ± 0.18 


5.88 ± 


05 




5.91 ± 0.07 


5.52 ± 


04 


5.76 ± 0.08 


12 + log (N/H) (T e ) 




6.19 ± 0.05 




6.32 ± 0.06 


6.25 ± 0.04 




6.27 ± 0.22 


6.12 ± 


.06 




6.31 ± 0.08 


6.22 ± 


05 


6.52 ± 0.10 


12 + log (N/H) (ONS) 




6.13 ± 0.03 




6.37 ± 0.05 


6.19 ± 0.02 




6.24 ± 0.03 


6.15 ± 


03 




6.23 ± 0.06 


6.17 ± 


06 


6.43 ± 0.07 


12 4- log (N/H) (ON) 




6.06 ± 0.03 




6.40 ± 0.03 


6.17 ± 0.02 




6.13 ± 0.02 


6.10 ± 


.03 




6.23 ± 0.05 


6.20 ± 


05 


6.50 ± 0.06 


12 + log (N/H) (NS) 




6.23 ± 0.02 




6.35 ± 0.02 


6.33 ± 0.01 




6.26 ± 0.02 


6.17 ± 


02 




6.25 ± 0.03 


6.14 ± 


03 


6.30 ± 0.04 


log(N/0) (T e ) 




-1-69 ± 0.07 




-1.48 ± 0.08 


-1.65 ± 0.05 




-1.62 ± 0.31 


-1.70 ± 


0.08 




-1.58 ± 0.10 


-1.62 ± 


0.06 


-1.42 ± 0.13 


log (N/O) (ONS) 




-1.61 ± 0.03 




-1.41 ± 0.06 


-1.50 ± 0.02 




-1.54 ± 0.03 


-1.57 ± 


0.03 




-1.48 ± 0.07 


-1.44 ± 


0.07 


-1.24 ± 0.08 


log (N/O) (ON) 




-1.62 ± 0.03 




-1.42 ± 0.05 


-1.57 ± 0.02 




-1.56 ± 0.03 


-1-56 ± 


0.03 




-1.49 ± 0.06 


-1.46 ± 


0.06 


-1.29 ± 0.07 


log (N/O) (NS) 




-1.49 ± 0.02 




-1.48 ± 0.03 


-1.44 ± 0.02 




-1.46 ± 0.02 


-1.52 ± 


0.02 




-1.48 ± 0.04 


-1.52 ± 


0.04 


-1.46 ± 0.05 


12 + log (S+/H+) 




5.57 ± 0.04 




5.68 ± 0.05 


5.44 ± 0.03 




5-65 ± 0.17 


5.69 ± 


.04 




5.64 ± 0.06 


5.30 ± 


03 


5.39 ± 0.07 


12 4- log (S 2 +/H+) 




5.87 ± 0.09 




5.80 ± 0.11 


5.85 ± 0.08 




6.05 ± 0.59 










6.02 ± 


07 


6.19 ± 0.20 


12 4- log (S/H) 




6.06 ± 0.06 




6.06 ± 0.06 


6.01 ± 0.05 




6.20 ± 0.42 










6.20 ± 


06 


6.39 ± 0.18 


12 4- log (Ar 2 +/H+) 




5.19 ± 0.06 




5.10 ± 0.06 


5.29 ± 0.10 




5.31 ± 0.37 


5.13 ± 


.08 




5.25 ± 0.10 


5.32 ± 


05 


5.45 ± 0.11 


12 + log (Ar/H) 




5.23 ± 0.06 




5.13 ± 0.06 


5.33 ± 0.10 




5.36 ± 0.37 


5.18 ± 


08 




5.29 ± 0.10 


5.36 ± 


05 


5.50 ± 0.11 


12 + log (Nc+ /H+) 




6.83 ± 0.07 


6.77 ± 0.12 


6.61 ± 0.08 


6.84 ± 0.09 


6.72 ± 0.13 


6.75 ± 0.32 


6.66 ± 


09 


6.93 ± 0.28 




6.92 ± 


04 




12 4- log (Ne/H) 




6.99 ± 0.07 


6.94 ± 0.13 


6.76 ± 0.08 


6.98 ± 0.09 


6.83 ± 0.13 


6.97 ± 0.33 


6.89 ± 


09 


7.15 ± 0.29 




6.97 ± 


04 





Note. References PA102, PA187, PA304 and PA331 denote our observational data according to position angle of the slit. Reference 'Lee' denotes regions investigated 
using Lee et al. (2003) observational data. References 'Cr' mark regions investigated using Croxall et al. (2009) observational data according to slit names in paper above. 



